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INTRODUCTION membrane five or six times (96, 159, 171). Limited sequence

““Everything should be made as simple as possi-
ble, but not simpler.”
A. Einstein

Periplasmic solute-binding proteins of gram-negative bac-
teria and homologous, external membrane-bound lipo-
proteins of gram-positive bacteria are generally known to
participate in two related recognition phenomena: chemore-
ception and transmembrane transport (46, 55, 63, 78, 191). In
cases of both transport and chemotaxis, the hydrophilic
solute-binding domains of these proteins interact with inte-
gral cytoplasmic membrane proteins following a conforma-
tional change induced by solute binding. Solute binding is
known to induce a substantial conformational change in the
periplasmic binding proteins of gram-negative bacteria,
which facilitates interaction with the transmembrane chemo-
reception or transport protein(s) (120, 129, 132, 133, 154).
The integral membrane chemoreception proteins, termed
methylated chemoreception proteins, span the membrane
twice (97, 191), whereas the integral membrane constituents
of the periplasmic-binding-protein-dependent transport sys-
tems, of which there are two per permease, usually span the
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comparison studies, as well as comparisons of three-dimen-
sional structures of the periplasmic binding proteins, have
led to the suggestion that at least some of these proteins
share a evolutionary origin (3, 47, 131, 154, 187, 209).
Members of one class of periplasmic binding proteins also
appear to be related in sequence, structure, and evolutionary
origin to a class of bacterial DNA-binding proteins which
function in transcriptional regulation (122, 123, 207, 212).
Recent evidence suggests that in addition to their roles in
transport and chemoreception, at least some solute-binding
proteins function in the initiation of sensory transduction
pathways. They apparently detect signals in the external
environment and transmit these signals via their cognate
transmembrane transport proteins or other transmembrane
proteins to cytoplasmic constituents. Cytoplasmic proteins
then signal a change in state, usually by altering the rates of
specific gene expression. A periplasmic phosphate-binding
protein of enteric bacteria apparently initiates the signal
which results in induction of the phosphate (pho) regulon. In
agrobacterial species, extracellular signaling between plant
hosts and the bacterial parasite is dependent on periplasmic
binding proteins. In Salmonella typhimurium, virulence is
apparently dependent on a binding-protein-dependent trans-
porter which is homologous to the well-characterized bacte-
rial peptide transport systems. Sporulation initiation in Ba-
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cillus species appears to be regulated by two distinct peptide
transporters, both of which depend on solute-binding pro-
teins. Although these two transport systems are similar in
structure, the physiological consequences of their actions
are opposing. It is therefore clear that external solute-
binding proteins perform receptor functions not only in
transport and chemoreception but also in signal transduc-
tion. In this review the recent advances in the role of binding
proteins in sensory transduction will be briefly discussed.
The reader is referred to other comprehensive reviews for
detailed discussions of the roles of these proteins in trans-
port and chemotaxis (9, 21, 55, 59, 75, 113, 191).

Although limited sequence analyses of specific binding
proteins have been reported, as discussed in the preceding
paragraph as well as in several of the references listed in
Table 1, no comprehensive study of these proteins, aimed at
their systematic classification, has been reported. The
present study was designed to correct this deficiency. Over
50 sequenced periplasmic binding proteins of gram-negative
bacteria and homologous lipoproteins of gram-positive bac-
teria were analyzed by standard computer methods, and
their degrees of relatedness were defined. The comparison
scores reported establish that some of these proteins are
clearly related by descent, that others are very probably
related by descent, and that others exhibit too great a degree
of sequence divergence to allow establishment of a common
evolutionary origin on the basis of sequence similarities
alone. The vast majority of these solute-binding proteins can
be grouped into eight families or clusters, which generally
correlate with the molecular size of the protein and the
nature of the solute bound. Cluster 1 proteins bind oligosac-
charides, glycerol 3-phosphate, and iron. Cluster 2 proteins
are specific for pentoses and hexoses and are homologous to
a family of bacterial transcription factors, most of which are
known to bind sugars (122, 123, 207, 212). Cluster 3 proteins
recognize polar amino acids and opines. Cluster 4 proteins
bind aliphatic, hydrophobic amino acids and are homologous
to a bacterial transcription factor, the AmiC repressor of
aliphatic amidase expression in Pseudomonas aeruginosa
(219). Cluster S proteins are specific for peptides and nickel.
Cluster 6 consists of multivalent-inorganic-anion-binding
proteins, whereas cluster 7 includes two divergent, multi-
valent-organic-polyanion-binding proteins. Finally, cluster 8
proteins exhibit specificity for organic iron complexes and
may include the vitamin B,,-binding protein. The members
of each of these clusters of binding proteins exhibit maximal
sequence conservation in their N-terminal domains, and
signature sequences, characteristic of the individual families
of binding proteins, have been derived from these conserved
regions. Only 1 of the more than 50 proteins analyzed
exhibits demonstrable homology to any of the thousands of
sequenced eukaryotic proteins in the current data bases, and
this protein, the vitamin B,,-binding protein of Escherichia
coli, which is homologous to human glutathione peroxidase,
is not clearly homologous to the other binding proteins. A
few extracellular solute-binding receptors fall outside of
these eight families and thus may represent new families for
which only a single constituent is now known.

Evaluation of the analyses reported has established that
high-affinity solute-binding proteins which bind the same or
similar solutes but are derived from evolutionarily divergent
bacteria are generally more similar in sequence than are
proteins specific for very different solutes from the same
organism. It is implied from this observation that solute
binding imposes severe constraints on the sequence and
structure of a protein. Exceptions to the generalization that

SOLUTE-BINDING RECEPTORS IN BACTERIA 321

strikingly similar proteins bind similar substrates include the
nickel-binding protein (in the peptide-binding-protein clus-
ter) and iron-binding proteins (in one of the sugar-binding-
protein clusters). These surprising findings, as well as the
structural and functional divergence of binding proteins
during evolution, will be discussed in the concluding sec-
tions of this review.

SPECIFICITIES, POLARITIES, AND DOMAIN
STRUCTURES OF ABC-TYPE TRANSPORTERS

In all living organisms, solutes are transported across the
cytoplasmic membrane of the cell and actively accumulated
or extruded in processes driven by ATP hydrolysis (136).
One class of transport ATPases consists of multicomponent
transport systems with a common structural organization
correlating with a unified mechanism of action (8, 35, 37, 38).
These transporters, termed ATP binding cassette-type
(ABC-type) or traffic ATPases or permeases (9, 75), are
functionally diverse. The uptake systems in bacteria trans-
port a wide variety of substrates, including sugars, amino
acids, opines, peptides, organic and inorganic phosphate
esters, phosphonates, sulfate, polyamines, metallic cations
(such as copper, iron, and nickel), molybdenum, organo-iron
complexes, and vitamins (see Tables 1 and 6). Bacterial
efflux systems of the ABC type exhibit specificity toward
drugs such as daunomycin (71), tylosin (165), spiromycin
(61, 175), and erythromycin (164); animal toxins such as the
E. coli hemolysin (50), the Pasteurella leukotoxin (79, 193),
and the Bordetella pertussis cyclolysin (65); the E. coli
bacteriocin colicin V (64); proteases (111); and capsular
polysaccharides and other complex carbohydrates (27, 54,
101, 102, 185, 188). Eukaryotic efflux porters of the ABC
type transport sex pheromones in yeasts (103, 125), chloro-
quine in the protozoan genus Plasmodium, methotrexate in
Leishmania spp. (25, 143), eye pigments in Drosophila spp.
(44, 140), chloride via the cystic fibrosis transport regulator
protein in mammals and in Xenopus spp. (161, 198, 205, 225),
hydrophobic drugs via the multidrug resistance protein in
mammals and Drosophila species (28, 48, 68, 69, 221), and
peptides across mammalian peroxisomal and endoplasmic
reticular membranes (60, 92, 153, 204).

The common protein components of the ABC-type uptake
systems include one or two transmembrane proteins which
usually span the membrane five or six times each; one or two
peripheral membrane ATP-binding proteins localized to the
cytoplasmic side of the membrane, which may be anchored
to the membrane via a single transmembrane helix; and a
high-affinity extracytoplasmic solute-binding protein (75, 86,
96). In gram-negative bacteria, this ligand-specific binding
protein is soluble and periplasmic, although its ligand-bound
form must associate with the transmembrane constituents of
the permease before transport activity can be observed. In
gram-positive bacteria, the solute-binding protein is also
extracellular but is bound to the membrane via an N-terminal
hydrophobic lipid extension (see below). The transmem-
brane protein components are believed to form solute-
specific channels; the peripheral membrane ATP-binding
proteins energize the systems and sometimes serve regula-
tory roles (39), and the ligand-bound binding proteins confer
specificity and high affinity for the substrates to the transport
systems. Mutant forms of two ABC-type uptake permeases,
those specific for maltose and histidine, can function with
low efficiency without the periplasmic binding protein (152,
202). The extracellular solute-binding protein constituents of
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ABC-type transporters are always lacking if the system
catalyzes solute efflux (75).

The domain and subunit organizations of these various
ABC-type transporters have recently been reviewed and
evaluated (75, 159). The simplest of the bacterial systems are
made up of a single integral transmembrane transport protein
and a single peripheral membrane ATP-binding protein.
Examples of such systems include the DrrAB drug resis-
tance system of Streptomyces peucetius (71), the NodlJ
system which functions in nodulation in Rhizobium legumin-
osarum (49), and the KpsTM capsular polysaccharide export
system of E. coli (147). These systems are believed to consist
of heterotetramers of the a,B, type, where the a subunits are
the peripheral membrane ATP-binding subunits and the g
subunits are the integral membrane channel-forming proteins
(159). These export systems lack an extracellular solute-
binding protein.

Homologous to these proteins are the BexABC proteins of
Haemophilus influenzae (102) and the CtrDCB proteins of
Neisseria meningitidis (54). These three-component capsu-
lar polysaccharide efflux transporters possess two nonho-
mologous integral membrane proteins but only one ATP-
binding protein. They may thus have the subunit structure
BB’ (159). Other well-characterized ABC-type transport-
ers, such as those responsible for the uptake of histidine in
Salmonella typhimurium and of maltose in E. coli, are
known to have the analogous BB’y structure, where the vy
subunit is the periplasmic solute-binding protein (75, 96).
Finally, the oligopeptide permease of S. typhimurium has an
aa'BR'y structure, with five dissimilar subunits encoded by
five distinct genes (75). The corresponding Bacillus subtilis
oligopeptide transport system similarly consists of an
aa’BB'y pentamer, but surprisingly, and in contrast to the
Salmonella typhimurium system, the o' subunit (OppF) was
found to be dispensable (151, 167). In the absence of the o'
(OppF) subunit, the functional permease may assume the
structure o,BB'y-

In addition to the compositional differences noted above,
the a and B subunits can be fused to each other in various
combinations. For example, in the ribose permease of E.
coli, the two ATP-binding () subunits are fused into a single
polypeptide chain roughly twice the size of the normal a
subunit (17). The structure of this system is therefore
a-a'BR’y, where a-o’ indicates a fusion protein consisting of
two dissimilar ATP-binding domains. Further, the iron-
hydroxamate permease of E. coli has the subunit structure of
a,B-B'y, where the two integral membrane channel-forming
domains are present as a single polypeptide chain (31). In
eukaryotes, the a and B subunits can be fused as in the
human major histocompatibility complex peptide trans-
porter, which has an (a-B), domain/subunit structure (153,
204), or all four domains of the a,B, heterotetramer can be
fused in a single polypeptide chain with or without additional
protein domains, as, for example, in the multidrug resistance
and cystic fibrosis transport regulator proteins of mammals
(see reference 75 for an overview). It is therefore clear that
during evolution of ABC-type transporters, gene duplica-
tion, gene splicing and/or fusion, and probably operon
duplication events have all occurred frequently, leading to
the diversity of structural types of these transporters found
in nature.

Extracellular solute-binding proteins have never been
detected for bacterial efflux systems of the ABC type, and
eukaryotic solute-binding proteins homologous to the bacte-
rial proteins have not yet been found. Binding proteins
associated with bacterial ABC-type uptake systems are
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never found fused to the other protein constituents of these
systems. Thus, it is clear that although the external solute-
binding proteins are essential constituents of the solute
uptake systems, they do not play an integral role in the
transport process per se. Instead, they probably serve as
receptors to trigger or initiate translocation of the solute
through the membrane by binding to external sites on the g
and B’ subunits, thereby inducing conformational changes
which are conducive to transport.

EXTERNAL SOLUTE-BINDING LIPOPROTEINS IN
GRAM-POSITIVE BACTERIA

The presence of ABC-type transport systems in gram-
positive bacteria has only recently been documented. Gilson
et al. (63) and Dudler et al. (46) provided evidence for the
presence of such systems in Streptococcus pneumoniae and
Mycoplasma hyorhinis. Since these organisms lack an outer
membrane and consequently have no periplasm, the solute-
specific binding proteins are lipoproteins with an N-terminal
glyceride-cysteine, which allows them to be tethered to the
external surface of the cell membrane. This hydrophobic
anchor maintains the binding protein in the proximity of the
external face of the integral cell membrane components of
the transport system.

The genes for two such solute-binding lipoproteins were
sequenced from S. pneumoniae (63). The first, designated
MalX, is a maltose-inducible maltodextrin-binding lipopro-
tein which is 27% identical to the periplasmic MalE-binding
protein of E. coli. The second, designated AmiA, exhibits
24% identical residues with the oligopeptide-specific
periplasmic binding protein OppA of Salmonella typhimu-
rium (63, 80). The periplasmic binding proteins of the gram-
negative transport systems are essential constituents of
maltodextrin and oligopeptide transporters (see below).

The amino-terminal parts of the E. coli malE and S.
pneumoniae malX gene products represent signal peptides
characteristic of proteins which are exported through the
cytoplasmic membrane. For MalE, it was directly shown
that the first 26 residues are cleaved from the remainder of
the protein following export (47). In MalX, the region of the
potential cleavage site belongs to a well-defined category; it
carries a sequence, L-V-A-C-G-S, corresponding to the
consensus sequence for the precursors of lipoproteins (L-Y-
Z-cleavage site-C-y-z, where Yis A, S, V, Qor T; Z is G or
A;yisS,G,A,N,QorD;andzis S, A, N, or Q) (reviewed
in references 222 and 224). It thus appears likely that the
mature MalX protein is a lipoprotein.

Lipoproteins are exported through the cytoplasmic mem-
brane, as are other secreted proteins, but following cleavage
the amino-terminal cysteine is thioacylated to give a lipo-
amino acid. This lipophilic modification is thought to be
responsible for the membrane anchorage of a number of
exported proteins (135). On the basis of the observed se-
quence comparisons and the biochemical requirements of
the system, membrane attachment of MalX is likely to occur
through the same mechanism. MalX would thus be expected
to be exposed to the outer face of the membrane as an
anchored but otherwise water-soluble protein. It is interest-
ing that a mutant E. coli MalE protein which is anchored by
its uncleaved amino-terminal signal peptide to the external
face of the cytoplasmic membrane can still operate in
transport (52).

The situation discussed above is comparable to that of the
amiA and oppA gene products. In Salmonella typhimurium
OppA, an N-terminal peptide of 23 residues is cleaved from
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the remainder of the protein following export (81). For AmiA
of S. pneumoniae, the region of the potential cleavage site
carries the sequence L-A-A-C-S-S, corresponding exactly to
the consensus of the lipoprotein precursors.

A gene cluster with the same organization as ABC-type
systems from gram-negative bacteria has been described for
M. hyorhinis (46). The mature extracytoplasmic component,
the so-called p37 protein, presents the characteristics of a
lipoprotein: the amino-terminal sequence of the mature
protein starts with C-S-N-, corresponding to the lipoprotein
consensus sequence, and the p37 protein has been shown to
be bound to the membrane. The sequence before the poten-
tial cleavage site is less typical (A-I-S-cleavage site), but the
putative signal sequence is unusual since it contains four
phenylalanine residues (46). Since very little is known about
signal sequences in mycoplasmas, it is possible that they
differ significantly from those in other microorganisms that
have been studied.

The considerations mentioned above lead to the proposal
that MalX and AmiA in Streptococcus species and p37 in
Mpycoplasma species are the functional equivalents of
periplasmic solute-binding proteins in gram-negative bacte-
ria. For AmiA, the other components of the transport system
are encoded by genes at the ami locus (7) and the substrates
are likely to be oligopeptides. For MalX, the other compo-
nents of the transport system have yet to be identified, but
the transport substrates are likely to be maltodextrins. For
the Mycoplasma transporter which includes the p37 protein,
two other components, the p29 and p69 membrane proteins,
are known but the substrates transported have yet to be
identified.

A systematic search for lipoproteins in Bacillus licheni-
formis and Bacillus cereus revealed sets of lipoproteins
which were released from protoplasts by mild trypsin treat-
ment, suggesting an orientation to the outside of the mem-
brane (135). In addition, the B-lactamases involved in resis-
tance to penicillins are periplasmic proteins in gram-negative
bacteria but are present in gram-positive bacteria such as B.
licheniformis and Staphylococcus aureus in substantial
amounts in lipoprotein, membrane-bound forms (134). This
fact suggests that lipoproteins in gram-positive bacteria play
roles equivalent to those of many of the free periplasmic
proteins from E. coli (135).

Examination of the gene products of the six open reading
frames of the ami locus of S. pneumoniae, amiABCDEF,
revealed that all but the AmiB protein are homologous to
components of the oligopeptide permeases of Salmonella
typhimurium and Escherichia coli. Intriguingly, AmiB was
found to be homologous to ArsC, encoding an arsenate
reductase which functions in conjunction with the oxyanion
pump encoded by the arsenical resistance operon of the
R-factor R773 from E. coli (29, 73). AmiA is the solute-
binding lipoprotein analog of the periplasmic binding pro-
teins of gram-negative bacteria as noted above; AmiC and
AmiD are the hydrophobic, transmembrane channel-forming
constituents of the system; and AmiE and AmiF are two
homologous ATP-binding proteins localized to the cytoplas-
mic side of the cell membrane, which presumably energize
peptide uptake.

Mutations at the ami locus of S. pneumoniae have pleio-
tropic effects. Mutants with these mutations were initially
isolated on the basis of increased resistance to aminopterin
(183), and the mutations were shown to confer sensitivity to
an imbalance in the extracellular concentrations of the three
branched-chain amino acids, leucine, isoleucine, and valine
(182). They also conferred increased resistance to metho-
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trexate (203) and celiptium (2-N-methylhydroxyellipticin-
ium) (173). Selective alteration of the transport kinetics for
several amino acids was reported for a mutant with a
mutation in the ami locus and correlated with a decrease in
the transmembrane electric potential, deduced from mea-
surement of tetramethylphosphonium accumulation (203).
This complex phenotype is not entirely explicable in terms of
the assumed function of the ami gene products as compo-
nents of a peptide transport system. Nevertheless, the ability
of wild-type strains (but not ami mutants) of S. pneumoniae
to utilize leucine- and arginine-containing peptides to satisfy
their needs for these two auxotrophic requirements clearly
argues that the Ami transporter recognizes oligopeptides as
substrates.

INVOLVEMENT OF EXTERNAL SOLUTE-BINDING
PROTEINS IN SENSORY TRANSDUCTION

As noted in the Introduction, the involvement of periplas-
mic solute-binding proteins as constituents of transport and
chemotaxis systems has long been established. Recently,
evidence has appeared suggesting that these proteins of
gram-negative bacteria as well as homologous lipoproteins of
gram-positive bacteria serve as receptors initiating sensory
transduction pathways. In this section, this evidence will be
summarized.

Phosphate (pho) Regulon in E. coli

When P; is available to an enteric bacterium such as E.
coli, the genes encoded within the phosphate metabolic
regulon, responsible for the metabolism of organic phos-
phate esters and phosphonates, are repressed. Phosphate
limitation results in derepression of the more than 30 pho
genes of the pho regulon (210). The principal players in this
repression-derepression game are the PhoR and PhoB pro-
teins, which are a sensor kinase-response regulator pair (169,
192) in which PhoR is the sensor and histidyl protein kinase
and PhoB is the DNA-binding protein that acts as a tran-
scriptional enhancer. The aspartyl phosphorylated form of
PhoB is required for transcription of pho regulon genes (117,
118).

Regulation of PhoR activity by P; requires extracellular P,
and the protein components of the phosphate-specific trans-
port (Pst) system. The latter complex of proteins, including
the PstS periplasmic phosphate-binding protein, evidently
functions in transmembrane signal transduction. Most (but
not all) mutations that abolish transport via the Pst system
also abolish transcriptional regulation by PhoB-P, yet re-
pression/derepression is independent of transport per se,
since some Pst-specific transport-negative mutants are reg-
ulation positive (32, 33) and extracellular P;, not intracellular
P;, determines the extent of repression. The K, of PstS for P,
is 1 pM, and 4 pM external P, is sufficient for full repression,
regardless of the internal P; concentration. It is presumed
that the binding of P; to the PstS protein induces a confor-
mational change in the transmembrane protein complex of
the Pst permease (PstABC) and transmits a signal to PhoR,
the sensor kinase, possibly through an auxiliary regulatory
protein encoded within the pst operon, PhoU. PhoU is
known to be associated with the inner membrane of the
bacterium. The net result would be deactivation of the PhoR
kinase and possibly activation of a PhoB-P phosphatase.
PhoB would then become dephosphorylated and inactivated,
and repression of the pho regulon would ensue (210).
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Chemical Signaling between Agrobacterium tumefaciens and
Its Plant Hosts

Agrobacterial species can infect certain plants, giving rise
to tumorlike growths. Like the pho regulon in E. coli, the
virulence (vir) regulon in Agrobacterium tumefaciens, re-
sponsible for the pathological state, is transcriptionally reg-
ulated by a sensor kinase-response regulator pair, VirA-
VirG. These proteins activate transcription of the vir regulon
in the presence of wound-induced plant phenolic metabo-
lites, such as acetosyringone, as well as sugars which act
synergistically with phenolic compounds. The sugar-medi-
ated synergism requires the ChvE protein, a periplasmic
protein which binds many sugars (11). Mutants lacking this
protein are avirulent on some plant hosts and poorly virulent
on others. On binding of its sugar ligand, the ChvE-sugar
complex appears to interact with the periplasmic domain of
the VirA sensor kinase, which enhances kinase activity.
VirA then phosphorylates VirG, and VirG-P activates tran-
scription of the vir genes (26, 181).

Many sugars were found to be effective in promoting vir
gene induction. These sugars included glucose, galactose,
and all pyranose sugars with the C-1, C-2, and C-3 hydroxyls
in the equatorial position. Acidic monosaccharide deriva-
tives, including D-glucuronate and D-galacturonate, were the
strongest inducers among the sugars tested (11). Of the 11
inducing sugars, 8 were identified as known plant metabo-
lites and 7 of the 8 proved to be constituents of major plant
cell wall polysaccharides. The results therefore suggested
that plant phenolic compounds and monosaccharides re-
leased from plant cells and their cell walls function as
wound-specific metabolites to signal through the bacterial
ChvE-VirA-VirG sensory transduction effector system the
presence of the appropriate host environment for invasion
(11, 220).

On activation of vir gene expression, there is a series of
events which results in transfer of a bacterial plasmid, the Ti
plasmid, to the nuclei of the infected cells, where it inte-
grates into the plant genome. The plasmid directs overpro-
duction of plant growth hormones which stimulate tumor
growth and of opines, which are excreted by the plant to
serve as nutrients for the parasitic bacteria. The bacteria
must therefore possess uptake systems for the opines. Two
such transport systems have been characterized and fully
sequenced, one specific for the opine octopine, a reduced
condensation product of arginine with pyruvate, and one
specific for nopaline, a reduced condensation product of
arginine with a-ketoglutarate (100, 200, 226). These trans-
port systems complete a cyclic, three-way signaling system
in which (i) the plant first signals its presence by secretion of
phenolic compounds and monosaccharides, sensed directly
by VirA and the ChvE-binding protein, respectively; (ii)
these signals trigger transfer of the Ti plasmid from the
bacterium to the plant and integration into the plant genome;
and (iii) the Ti plasmid-encoded opine biosynthetic proteins
then synthesize opines in the plant cell, which are secreted
for uptake via binding protein-dependent transport systems
and utilization by the bacterium for energetic and biosyn-
thetic purposes.

Intracellular Animal Pathogenesis Involving
Salmonella typhimurium

Enteric bacteria possess three known genetically distinct
peptide uptake systems with overlapping substrate specific-
ities. The first system, the oligopeptide permease (Opp),
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mediates the uptake of peptides containing up to five amino
acid residues with practically no specificity for the nature of
the amino acid chains (72, 80, 148). This system plays an
essential role in the recycling of peptides released from the
cell wall during growth (66). The second system, a dipeptide
permease (Dpp), like Opp, is a periplasmic-binding-protein-
dependent transport system, but its specificity is limited to
dipeptides. The third system, a tripeptide permease (Tpp), is
less well characterized but has greatest affinity for hydro-
phobic tripeptides. Expression of the tpp genes is induced
during anaerobic growth, but the physiological role of the
Tpp system is still unclear (62, 91).

The genes encoding a fourth presumed peptide transport
system from Salmonella typhimurium of the ABC type have
recently been sequenced (67a). The proteins encoded by
these genes show striking sequence similarity to the compo-
nents of the known peptide transporters of enteric and
gram-positive bacteria. A genetic defect in this transport
system results in loss of virulence in mice. These observa-
tions suggest that, as in Bacillus species (see below), peptide
transport may be required for sensing alternative physiolog-
ical conditions; for this gram-negative bacterium, this ability
is required for maintenance of the pathological state. Alter-
natively, the proteins of this novel ABC-type transport
system may function directly in signal transduction, as
appears to be the case for the Pst system of E. coli and the
ChvE-binding protein of agrobacteria.

Control of Sporulation versus Alternative Starvation-
Induced States in Bacillus subtilis

Recently, the genes encoding the protein components of
an oligopeptide transport system in B. subtilis were se-
quenced and the encoded system was shown to play a role in
the initiation of sporulation (151, 167). A mutation, originally
designated spo0K, giving rise to a stage zero phenotype (82,
83) was found to map within the five-cistron operon which
encodes the transport system. All five encoded proteins
were found to be highly homologous to the corresponding
components of the oligopeptide transporters of Salmonella
typhimurium and E. coli.

Studies with toxic peptide analogs provided evidence that
this operon does indeed encode a peptide transport system.
The deduced amino acid sequences of the five open reading
frames were very similar to the OppA, OppB, OppC, OppD,
and OppF proteins of Salmonella typhimurium. The OppA
solute-binding protein was the least conserved, especially at
the amino terminus, with 182 identical (33%) and 230 con-
served (42%) residues compared with the equivalent Salmo-
nella typhimurium protein. The ATP-binding proteins OppD
and OppF were more highly conserved, with 165 identical
(54%) residues. The hydrophobic OppB and OppC proteins
fell between these two extremes. The degree of conservation
in all cases was high and allowed unequivocal identification
of these sequences as the genes of the B. subtilis opp operon.
Interestingly, unlike the Opp system of Salmonella typhimu-
rium, one of the two B. subtilis ATP-binding proteins, OppF,
was not required for peptide transport or sporulation, al-
though all the other protein constituents of the transport
system were required. The fact that OppF was dispensable
led to the possibility that OppD can form a functional
homodimer, which eliminates the need for OppF altogether.
Surprisingly, OppF has been reported to be required for
genetic competence (167).

As expected, the OppA peptide-binding protein had a
signal sequence characteristic of lipoproteins with an amino-
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terminal lipoamino acid anchor. Cellular location studies
revealed that OppA of B. subtilis was associated with the cell
during exponential growth but was released into the medium
in the stationary phase. The OppA protein was shown to be
required for transport of peptides via this system. Whether
release into the medium serves a biological function or
whether the protein can be recaptured by the same or other
cells following its release has not been clarified. It is possible
that modification to the lipoprotein derivative provides a
mechanism for regulating retention and release of the protein
from the cell, a process which might be directly or indirectly
important to the regulation of sporulation.

In this connection, it has been postulated that the accu-
mulation of peptides derived from the degraded cell wall (the
peptidoglycan) plays a signaling role in the initiation of
sporulation and that the sporulation defect in opp mutants
results from an inability to transport these peptides (151).
The rationale for this notion is as follows. Peptide-like
molecules probably play a general role in signaling differen-
tiation in all sporulating organisms (70). It is possible that
small peptides composed of protein amino acyl residues
linked exclusively by a-peptide bonds do not serve a signal-
ing role because they are be rapidly degraded by intracellular
peptidases. However, Opp in Salmonella typhimurium and
E. coli can transport peptidase-resistant cell wall peptides
released from the peptidoglycan during growth (66), and the
same would be expected of the gram-positive homolog. It is
therefore possible that cell wall peptides serve to signal the
onset of the stationary phase and initiate sporulation. Since
opp mutants cannot recycle cell wall peptides, the peptides
do not accumulate internally and this presumed sporulation
signal is not generated. An association of murein compo-
nents with sporulation in Myxococcus xanthus has also been
reported (180).

Recently, a dipeptide transport system, expressed early
during sporulation in B. subtilis and dependent on the spo0A
gene product for expression, has been characterized (121,
184). The genes encoding the five protein constituents of the
dciA operon (dciAA through dciAE) were found to include
homologs of the genes encoding the Opp systems of both B.
subtilis and enteric bacteria as well as those encoding the
Dpp system of E. coli (141; see below). Interestingly, the
DciA system of B. subtilis, which clearly catalyzes dipeptide
uptake, does not interfere with sporulation when defective.
Its function has been proposed to involve facilitation of the
adaptation from nutrient-rich to nutrient-poor conditions
(121). Thus, it may actually antagonize sporulation by pro-
viding an alternative route to sporulation; i.e., it and the
products of many other starvation-induced genes may func-
tion to improve the nutritional state of the cell both by
generating new nutrients (through the generation of antibi-
otics and extracellular macromolecular degradative en-
zymes) and by improving the ability of the cell to utilize
meager supplies of limiting nutrients (through the induction
of high-affinity transport systems).

The five proteins encoded within the dcid operon, DciAA
to DciAE, were screened against the data base for sequence
similarity with other sequenced proteins. The protein en-
coded by the first open reading frame, DciAA, did not
exhibit significant sequence similarity to any other se-
quenced protein. DciAB was a hydrophobic protein (six
putative transmembrane segments) which exhibited 53%
identity with OppB of B. subtilis and 42% identity with OppB
of Salmonella typhimurium. DciAC was similar to DciAB in
being hydrophobic, and it most closely resembled the OppC
proteins of B. subtilis and Salmonella typhimurium. DciAD
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proved to be an ATP-binding protein homologous to OppD
and OppF. Finally, DciAE resembled the external dipeptide-
and oligopeptide-binding proteins. This last protein was
shown to be essential for dipeptide utilization, although
tripeptides could still be utilized by strains lacking the
protein. The tripeptides were apparently utilized via the
Bacillus Opp system (121). Evidence for a tripeptide-specific
transporter in B. subtilis, analogous to the corresponding
enteric system, has not yet been reported.

COMPUTER METHODS FOR DEFINING
EVOLUTIONARY AND STRUCTURAL RELATIONSHIPS
OF EXTERNAL SOLUTE-BINDING PROTEINS

The Protein Information Resource (PIR) of the National
Biomedical Research Foundation (NBRF) data base (version
32) and the current GenBank (version 71.0), EMBL (version
24.0), and SwissProt (version 21.0) data bases were screened
in all homology searches by using the FASTA program (112,
149). Significance was evaluated by calculating the binary
comparison scores, expressed in standard deviations (SD),
by using the RDF2 program with Ktuple=2 (149). A com-
parison score of 8 to 10 SD was considered to reflect a
sufficient degree of sequence similarity to establish homol-
ogy (36, 41, 42). Both the ALIGN (36) and Los Alamos (93)
programs were used to confirm significance. These programs
introduce comparable gaps to maximize identities when
comparing protein sequences as well as when comparing
randomized sequences. Comparison scores are recorded in
SD higher than obtained with 200 comparisons of random-
ized sequences of the two protein segments analyzed.

Homologous protein sequences were aligned by using the
Needleman-Wunsch algorithm, and relative evolutionary
distances and phylogenetic trees were determined by using
the progressive alignment or gap-minimizing TREE program
of Feng and Doolittle (51) and Doolittle and Feng (43). All
sequence analyses and data base searches were performed
by using the GCG package from the University of Wisconsin
(40) and the University of California at San Diego VAX/
VMS DNASYSTEM package (186). The figures presenting
multiple sequence alignments show selected regions of ho-
mologous proteins which generally exhibit extensive se-
quence similarity to document the relatedness of these
proteins; the complete multiple alignments were generated
for all clusters of proteins and are available from M. H.
Saier, Jr., on request.

Signature sequences (14, 15) for the eight clusters or
families of binding proteins were determined from the most
highly conserved regions of the multiply aligned proteins.
These alignments are shown in the figures; for the derived
signature sequences, see Table 4. Each of these signature
sequences was screened against the protein data banks (PIR
version 32 and SwissProt version 22). In no case did a
protein other than the members of the cluster for which that
sequence was derived exhibit this identifying sequence.
Thus, each of the signature sequences listed in Table 4 is
family specific and can assist in the identification of new
members of each of these families.

EIGHT FAMILIES OR CLUSTERS OF BACTERIAL
SOLUTE-BINDING PROTEINS

Table 1 lists, characterizes, and provides standard abbre-
viations for 45 of the 52 bacterial solute-binding proteins
included in this study as well as for a homologous transcrip-
tional regulatory protein. The remaining seven binding pro-
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TABLE 1. Eight families (clusters 1 to 8) of periplasmic binding proteins of gram-negative bacteria, homologous lipoproteins of gram-
positive bacteria, and homologous DNA-binding transcriptional regulators®

Interactive No. of . .
Abbreviation® Specificity Gene transport resi d‘u s Organism Accession no. Reference
system
Cluster 1
MalEco Maltose malE  MalFGK 396 E. coli PIR A03428 47
MalSty Maltose malE MalFGK 396  S. typhimurium PIR SO5331 34
MalKae Maltose malE MalFGK 396 K. aerogenes PIR S05328 34
MalSpn Maltose malX  MalMP 402  S. pneumoniae  GenBank J01796 105
GlpEco Glycerol 3-phosphate ugpB UgpACE 438  E. coli PIR S03780 145
MsmSmu Multiple sugars msmE  MsmKFG 420 S. mutans GenBank M77351 168
SfuSma Iron sfud SfuBC 338 S. marcescens  GenBank M33815 10
FbpNme Iron fbp — 330  N. meningitidis GenBank X53467 19
390 + 37
Cluster 2¢
RibEco Ribose rbsB RbsACD 296  E. coli PIR A03425 17
RibSty Ribose rbsB RbsACD 296  S. typhimurium PIR A03426 23
AraEco Arabinose araF AraGH 306 E. coli PIR A03424 84
GalEco Galactose mglB MglACE 309 E. coli PIR A03427 115
GalCfr Galactose mglB  — 332  C. freundii GenBank P23925 Unpublished
ChvAtu Multiple sugars chvE  None' 246  A. tumefaciens GenBank M30318 88
291 + 26
Cluster 3
HisSty Histidine hisT HisQMP 260  S. typhimurium PIR A03407 77
LAOSty Lysine-arginine-ornithine argT HisQMP 260 S. typhimurium PIR A03408 76
GInEco Glutamine ginH GInPQ 248  E. coli PIR S03181 138
GInBst Glutamine ginH GInPQ 262  B. stearother- GenBank M61017 223
mophilus
OccAtu Octopine occT OccQMP 276  A. tumefaciens GenBank M77784 206
NocAtu Nopaline nocT NocQMP 283  A. tumefaciens GenBank M77785 226
BaaNgo Basic amino acids D2% — 268  N. gonorrhoeae GenBank X64421 108
265 + 12
Cluster 4
LeuEco Leucine livK LivHMGF 369 E. coli PIR B23576 106
LIVEco Leucine-isoleucine-valine livJ LivHMGF 344 E. coli PIR A03415 4
LIVCfr Leucine-isoleucine-valine liv/ — 367 C. freundii PIR S14619 Unpublished
LIVPae Leucine-isoleucine-valine braC BraDEFG 373 P. aeruginosa PIR A36125 85, 86
AmiPae” “[AmiC, transcriptional amiC  None/ 385 P aeruginosa  PIR A40359 219
repressor)”’
368 + 15
Cluster 5
OppEco Oligopeptide oppA — 543 E. coli GenBank J05433 94
OppSty Oligopeptide oppA OppBCDF 542 S. typhimurium GenBank X04194 80
OppSpn Oligopeptide amiA AmiCDEF 493 S. pneumoniae  GenBank X17337 7
DppBsu Dipeptide dciAE  DciAABCD 543  B. subtilis GenBank X56678 121
OppBsu Oligopeptide oppA OppBCDF 545  B. subtilis GenBank X56347 151, 167
DppEco Dipeptide dppA — 535 E. coli GenBank M35045 1
NikEco Nickel nikA — 524 E. coli Not available L.-F. Wu, personal
communication
XP55Sli Not known xp55%  — 542 S. lividans GenBank Y00142
533 £ 18
Cluster 6
SulEco Sulfate sbp CysTWA 329 E. coli PIR B25206 74
SulSty Sulfate —& — 310  S. typhimurium PIR A03403 89
SulSsp Sulfate shpA CysTWR 350  Synechococcus GenBank M65247 107
sp.
TsuEco Thiosulfate cysP CysTWA 338 E. coli GenBank M32101 87
[PhoEco} Phosphate phoS PstCAB 346  E. coli PIR A30277 194
335 £ 16
Cluster 7
DcaRca Dicarboxylate dctP — 333 R capsulatus  Not available 178
[CitSty] Citrate tetC — 303  S. typhimurium Not available 215
W.W. Kay, personal
communication

Continued on following page
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TABLE 1—Continued

Interactive No. of
Abbreviation® Specificity Gene transport S Organism Accession no. Reference
system residues®
318 = 21
Cluster 8 )
FecEco Iron-enterobactin fecB FecCDE 300 E. coli GenBank 189
M26397U01
FepEco Iron-dicitrate fepB FepCDG 318 E. coli GenBank M29730 179
FhuEco Iron-hydroxamate fhuD FhuBC 296 E. coli GenBank X05810 31, 99
FatVan Iron-anguibactin fatB FatCD 322 V. anguillarum  GenBank M74068 2
309 =13
[BtuEcoJ* Vitamin B,, btuE BtuCD 183 E. coli GenBank M14031 53

“ The abbreviations used in this study for the various proteins are provided. These usually indicate the specificity of the binding protein (first three letters) and
the organism from which it was obtained. The genus and species are indicated by the second three letters of the abbreviation. In some cases, such as the iron-
and iron-complex-binding proteins as well as the ChvE sugar-binding protein of A. tumefaciens, the gene designations are used instead of the three-letter
designation of the solute bound. DNA-binding proteins homologous to cluster 2 binding proteins are not listed. Sequenced periplasmic binding proteins which do
not fall within the eight clusters of proteins defined in this study are not included in the table. They are listed in the text.

b Proteins are listed according to the cluster of homologous proteins in which they are found as reported in this study.

¢ Number of residues in the (precursor) protein encoded by the structural gene for that protein. The mean number of residues for all of the solute-binding
proteins within an indicated cluster (= SD) is provided below the list of those proteins. Values for individual subclusters are given in Table 3 when proteins of

nonuniform molecular size are included within a single cluster.
4 _, the sequences of these genes are not yet available.

¢ Cluster 2 periplasmic binding proteins are homologous to a large group of DNA-binding proteins as described previously (207).

/ This binding protein does not interact with a transport system.
£ This binding protein does not have a gene designation.

% AmiC is not a periplasmic binding protein but a cytoplasmic transcriptional regulatory protein (219).

¢ Proteins in brackets are not demonstrably homologous to other members of the cluster to which these proteins have been assigned, because the comparison
scores recorded in Table 2 are too small. However, common function, similar binding specificities, similar size, and elevated similarity scores obtained when
compared with other members of their cluster all argue in favor of homology (42, 119).

teins are described with references to their sequences in the
section on additional binding-protein families, below. All of
these proteins were screened against the current data bases
to establish that all currently available homologous proteins
were identified. No eukaryotic protein was found in these
searches, with the sole exception of the vitamin B,,-binding
protein of E. coli, which is homologous to human glutathione
peroxidase (see the section on cluster 8 binding proteins,
below). Extracytoplasmic binding proteins that did not ex-
hibit significant sequence similarity to any of the proteins in
Table 1 or to any other protein in the data base were largely
excluded from our study. These proteins included the
glycine betaine-binding proteins, ProX, of E. coli and Sal-
monella typhimurium (67, 144, 190), the PhnD phosphonate-
binding protein of E. coli (30, 116, 127, 211), the PotD
polyamine-binding protein of E. coli (58), and the p37 protein
of M. hyorhinis, which is believed to be a solute-binding
protein (46). Another periplasmic binding protein which was
excluded from our study was the small (91-residue) mercu-
ric-ion-binding protein, MerP, of gram-negative bacteria
(139), which was not homologous to any of the proteins
listed in Table 1. It was found to be homologous to what
appear to be cation-binding domains of bacterial mercuric
reductases, of the cadmium ATPase of Staphylococcus
aureus, and of the cation ATPase of Rhizobium meliloti
(49a). Other excluded proteins are mentioned below.

The 46 proteins listed in Table 1 were grouped into eight
clusters based on their sequence similarities, and these
groupings were generally found to correlate with the molec-
ular sizes and solute-binding specificities of the included
proteins. Selected statistical analyses (binary comparisons)
are reported in Table 2. Every protein within a particular
cluster is included in the analysis reported in Table 2 in order
to document homology. On the basis of the superfamily
concept (42), the proteins within a cluster are shown to be

homologous (comparison scores of =8 to 10 SD [41, 42])
with the following exceptions: cluster 2, AraEco; cluster 6,
PhoEco; cluster 7, CitSty; cluster 8, BtuEco. Despite the
lower comparison scores reported for these four proteins,
the values obtained for each of these proteins with other
members of their assigned cluster (6 to 8 SD) suggest that
they may make up part of the cluster to which they have
been assigned. This assignment is sometimes substantiated
by the common functions for, similar binding specificities of,
and similar sizes of the compared proteins (42, 119). Limited
regions of striking sequence similarity were sometimes de-
tected when making intercluster comparisons, but in no case
was the degree of similarity as extensive as the intracluster
similarities noted in Table 2.

The number of amino acid residues in each of these
proteins is listed in Table 1. It can be seen that, with only a
few exceptions, there is little size variation within a partic-
ular cluster. The only exceptions are the two iron-binding
proteins in cluster 1, the ChvE protein (ChvAtu) in cluster 2,
and the BtuE protein (BtuEco) in cluster 8 (Table 3).
Excluding these proteins, the size ranges (numbers of resi-
dues) in each of the clusters are very restricted, as summa-
rized in Table 3. The eight clusters are presented and
discussed below.

Cluster 1 Binding Proteins Specific for Malto-
Oligosaccharides, Multiple Sugars, a-Glycerol Phosphate,
and Iron

Cluster 1 proteins, specific for oligosaccharides, a-glyc-
erol phosphate, and iron, make up two size clusters (Tables
1 and 3), the larger carbohydrate-binding proteins (396 to 438
residues) and the smaller iron-binding proteins (330 to 338
residues). Figure 1A shows a similarity plot for the entire
multiple alignment, and Fig. 1B shows the segment of the
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TABLE 2. Binary comparison scores for selected intracluster
pairs of proteins®

No. of

Cluster and 9 Comp. L
. A residues % ID* Probabili
aligned pair compared® score? ty”
Cluster 1
MalEco & MalKae 396 94 84 <10~3
MalEco & MalSty 396 93 75 <1073
MalEco & MalSpn 369 32 17 <103
MalSpn & MsmSmu 357 28 9 10~
MsmSmu & GlpEco 330 17 10 102
MalEco & SfuSma 40 32 9 107
SfuSma & FbpNme 317 38 28 <1073
Cluster 2
RibEco & RibSty 64 97 26 <1035
RibEco & ChvAtu 64 23 10 102
RibEco & GalEco 64 30 10 10~
RibEco & AraEco 64 22 7 10712
GalEco & GalCfr 309 96 127 <1073
Cluster 3
LAOSty & HisSty 84 73 2 <10-3
LAOSty & GlnEco 83 33 12 107
LAOSty & OccAtu 84 42 16 <1073
LAOSty & NocAtu 84 45 19 <1073
LAOSty & BaaNgo 84 37 12 107>
Cluster 4
LeuEco & LIVEco 128 85 37 <1073
LeuEco & LIVPae 128 66 34 <1073
LIVPae & AmiPae 339 19 17 <1073
LIVEco & LIVCir 343 94 166 <1073
Cluster 5
OppSty & OppEco 543 84 160 <1073
OppEco & DppBsu 476 32 49 <1073
OppEco & OppBsu 547 32 66 <10%
OppEco & DppEco 515 22 26 <107%
OppEco & OppSp 290 2% 20 <10~
OppEco & NikEco 498 23 23 <1073
XP55Sli & OppSty 312 25 2% <10"%
Cluster 6
SulEco & SulSty 311 91 80 <10-3
SulEco & SulSsp 134 52 36 <1073
SulEco & TsuEco 227 53 53 <1073
SulEco & PhoEco 55 16 6 10~°
Cluster 8 .
FecEco & FepEco 208 29 11 10-%
FecEco & FhuEco 253 19 8 10715
FecEco & FatVan 284 20 12 102
FatVan & FhuEco 264 16 13 1072
FecEco & BtuEco 80 24 6 10~°

“ All proteins included in the phylogenetic trees presented in this paper are
listed with comparison scores which in most instances establish (but in one
instance [AraEco] only strongly suggests) homology. Values of 8 to 10 SD for
protein domains are considered sufficient to establish homology (41, 42).

> Number of residues in the overlapping segments compared within the two
proteins.

€ %ID, percent identity within the two aligned sequences being compared.

4 The comparison or alignment scores (comp. score) were determined with
the RDF2 program (Ktup2) with 200 random shuffles (112, 149).

¢ The probability that the observed degree of similarity arose during
evolutionary history by chance is based on the comparison score (36).
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multiple alignment corresponding to the bar in Fig. 1A which
is relatively well conserved. Although this region of the
multiple alignment shows the highest degree of similarity for
these sequences, the divergence is still quite considerable.
The short segment of the multiple alignment of the eight
proteins which make up cluster 1 shown in Fig. 1B was
selected to derive a signature sequence (14, 15) for this
family of proteins (Table 4). It can be seen from the results
summarized in Table 5 that the cluster 1 proteins exhibit a
similarity score of 0.45, well above the control value of 0.23.

The proteins in cluster 1 are diverse, exhibiting specificity
for malto-oligosaccharides (Mal), multiple oligosaccharides
(MSM), iron (Sfu and Fbp), and a-glycerol phosphate (Glp).
In some regions excellent alignment between some of the
proteins but not others was observed, whereas in other
regions good alignment between other proteins was ob-
served. For example, MalEco aligns particularly well with
SfuSma in the central portion of the region shown in Fig. 1B.
The complete multiple alignment revealed numerous short
regions exhibiting degrees of sequence similarity approach-
ing that shown in Fig. 1.

The cluster 1 phylogenetic tree is shown in Fig. 1C. It can
be seen that the malto-oligosaccharide-binding proteins of
enteric bacteria (E. coli, Salmonella typhimurium, and Kleb-
siella aerogenes) are very closely related (93 to 95% identity
throughout their lengths). The partially sequenced maltodex-
trin-binding protein of S. pneumoniae (MalSpn) is more
distant but nevertheless exhibits 32% identity with the E.
coli MalE (MalEco)-binding protein throughout most of its
length (Table 2). The multiple-oligosaccharide-binding pro-
tein of Streptococcus mutans (MsmSmu), the a-glycerol-
phosphate-binding protein of E. coli (GlpEco), and the
iron-binding proteins of Serratia marcescens and N. menin-
gitidis (SfuSma and FbpNme, respectively) form three dis-
tant branches of the tree (Fig. 1C).

The periplasmic iron-binding proteins of cluster 1 are the
SfuA iron-binding protein of Serratia marcescens (10) and
iron-binding proteins of Neisseria gonorrhoeae and N. men-
ingitidis (19, 128). The two Neisseria proteins exhibit nearly
100% identity with each other, and consequently only one is
included in this study. These two proteins exhibit 38%
identity in an overlapping region of 317 amino acid residues
with the SfuA protein. The SfuA protein gave a comparison
score of 9.3 SD (P = 10~2°) with the MalE-binding protein of
E. coli (18% identity over an overlapping region of 224
residues, or 32% identity over an overlapping region of 40
residues). This comparison score establishes a common
evolutionary origin for these proteins and therefore places
the iron-binding proteins in cluster 1.

Cluster 2 Binding Proteins Specific for Hexoses and Pentoses

Cluster 2 proteins, specific for hexoses and pentoses, are
fairly uniform in size (296 to 306 residues), with the ChvE
protein representing the only exception (246 residues [Tables
1 and 3]). Because the galactose-binding proteins of E. coli
and Citrobacter freundii are nearly identical (Table 2), only
the former protein was included in this study. As revealed by
the similarity plot shown in Fig. 2A, cluster 2 proteins are
substantially less divergent from each other than are cluster
1 proteins (Table 5). The N-terminal parts of these proteins
are more strongly conserved than the C-terminal domains
are. The portion of the complete multiple alignment for the
five cluster 2 sugar-binding proteins shown in Fig. 2B,
corresponding to the region indicated by the bar in Fig. 2A,
also reveals a greater degree of sequence similarity than
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TABLE 3. Size comparisons among the binding proteins®
No. of Mean no. .
Cluster residues® of residues® Specificity
91 91 Mercuric ion (MerP)
8B 183 183 Vitamin B,, (BtuE)
2B 246 246 Multiple sugars (ChvE)
3 248-283 265 = 12 Polar amino acids
2A 296-332 308 + 15 Pentoses and hexoses
8A 296-322 309 =13 Iron complexes
309 309 Glycine betaine (ProX)
7 303-333 318 £ 21 Organic anions
1B 330-338 334 +6 Iron (Sfu and Fbp)
6 310-350 335 £ 16 Inorganic anions
338 338 Phosphonates, phosphite, phosphate, and phosphate esters (PhnD)
348 348 Polyamines (PotD)
4 344-385 368 = 15 Aliphatic amino acids and amides
1A 396-438 408 = 17 Oligosaccharides and a-glycerol phosphate
436 436 Copper (putative) (NosD)
5 493-543 533 £ 18 Peptides and nickel

@ Proteins not included within a cluster are discussed in the text, and references are provided therein.
& Number of residues in the native (uncleaved) protein, or range of numbers of residues in the proteins when more than one is present in the designated cluster

(Table 1).

€ Variation within each cluster of proteins is provided as standard deviation.

observed for the cluster 1 binding proteins. Within this
gapless segment of 38 overlapping residues, residues in five
positions are fully conserved. The signature sequence for
this cluster of proteins, derived from the multiple alignment
shown in Fig. 2B, is given in Table 4. Even within the
depicted region, which represents the most highly conserved
portions of these sequences, divergence is very consider-
able. Despite the greater divergence of the arabinose-binding
protein of E. coli (AraEco) relative to the other members of
cluster 2 (Table 2), this protein clearly exhibits a striking
degree of sequence similarity with the other four proteins
and is unquestionably a member of this cluster (i.e., 32%
identity with ChvAtu for the segment shown [209]).

The cluster 2 tree (Fig. 2C) reveals four branches, with the
ribose-binding proteins of E. coli and Salmonella typhimu-
rium nearest the center of the unrooted tree. This fact is
particularly noteworthy since the ribose-binding proteins
exhibit the greatest degree of sequence similarity to a family
of transcriptional regulatory proteins including the lactose,
galactose, and fructose repressors of E. coli (207). It is
interesting that the ChvE protein of A. tumefaciens
(ChvAtu) serves as a receptor for communication between
the bacterial parasite and the host plant in a complex
relationship which promotes plant cell tumorigenesis (206).

Limited regions of sequence similarity were noted when
some of the cluster 1 binding proteins were compared with
some of the cluster 2 binding proteins. Comparison scores of
7 SD (GlpEco versus GalEco) and 6 SD (MalEco versus
GalEco) were obtained, for example, for short regions
between members of these two clusters. The implications of
these observations are not clear, since these comparison
scores are insufficient in magnitude to establish homology
and the segments compared were short.

Cluster 3 Binding Proteins Specific for Polar Amino Acids
and Opines

Cluster 3 proteins, specific for polar amino acids and
opines, exist in the size range of 248 to 283 residues (Tables

1 and 3). Like those for cluster 1 and cluster 2 proteins, the
similarity plot for cluster 3 proteins (Fig. 3A) reveals regions
of strong conservation in the N-terminal domains. The
average similarity score is substantially greater than those
for cluster 1 and cluster 2 proteins (Table 5). A selected
portion of the multiple alignment for the six cluster 3 binding
proteins, corresponding to the bar in Fig. 3A, is shown in
Fig. 3B. Three of the proteins shown bind basic amino acids,
one binds glutamine, and two bind opines. Opines arise by
the reductive condensation of a basic amino acid such as
arginine with a keto acid such as pyruvate, and consequently
they are structurally related to the polar amino acid ligands
of the other cluster 3 binding proteins. Within the alignment
of 57 residues, shown in Fig. 3B, residues in nine positions
are fully conserved. In agreement with the large comparison
scores recorded in Table 2, these proteins exhibit very
substantial sequence similarity. Two signature sequences,
derived from the segment shown in Fig. 3B, are presented in
Table 4.

The degree of sequence similarity observed for this cluster
of proteins is reflected in the shorter branch lengths of the
phylogenetic tree (Fig. 3C). Three major branches are seen
with the two basic amino acid-binding proteins of Salmo-
nella typhimurium and the glutamine-binding protein of E.
coli making up one branch, the basic amino acid-binding
protein of N. gonorrhoeae forming the second branch, and
the opine-binding proteins of 4. tumefaciens representing
the third branch. The histidine- and the lysine-arginine-
ornithine (LAO)-binding proteins of Salmonella typhimu-
rium, which cluster tightly together, are known to interact
with the same transport system (76). The recently sequenced
glutamine-binding protein of Bacillus stearothermophilus
(Table 1) is strikingly similar to the basic amino-acid-binding
protein of N. gonorrhoeae and the glutamine-binding protein
of E. coli (Table 2). A fragment of the LAO-binding protein
of E. coli has been sequenced but was not included in this
study since the region sequenced is nearly identical to the
corresponding region of the Salmonella typhimurium pro-
tein.
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Mal Eco (46) LAEVGKKFEKD TGIKVTVEHPDEKLE (70)
Mal Kae (46) LAEVGKKFEKD TGIKVSVEHPDEKLE (70)
Mal Sty (46) LAEVGKKFEQD TGIKVTVEHPDEKLE (70)
Mal Spn  (57) TEEVAKAYEKE AGVKVTLKTGDALG (81)
Msm Smu (51) LKKIIKDFERE NP KIHVKMTSVPD (74)
Sfu Sma (44) VKSWVDGFTKD TGIKVTLRNGGDSE (68)
Fbp Nme (35) AQAVADAFTRA TGIKVKLNSAKGDAQ (59
GlpEco (41) VDSLAQRFNAENPDYKIVPTYKGNYE (66)
Glp Eco
Mal Spn
Sfu Smu
Mal Eco
Fbp Nme
Msm Smu

FIG. 1. Analyses of cluster 1 (oligosaccharide-, a-glycerol phosphate-, and iron-binding) proteins. Abbreviations are as indicated in Table
1. (A) The similarity score at a particular position was calculated for a sliding window of 10 residues by averaging the similarity scores
obtained for those 10 residue positions. The average similarity across the entire alignment is indicated by the dashed line. The bar above the
graph represents the part of the multiple alignment which is shown in panel B. (B) One segment of the cluster 1 protein multiple alignment.
The number provided above each aligned residue indicates the number of residues in which the most frequently occurring residue is found
at this position. Residues shown in boldface type are fully conserved. The residue numbers within each protein segment are provided at the
beginning and end of each sequence. The complete multiple alignment of the cluster 1 binding proteins as well as those of the other clusters
of proteins (clusters 2 to 8) are available from M. H. Saier, Jr., on request. (C) Phylogenetic tree for the proteins that make up cluster 1.
Relative branch distances (drawn to scale) are provided-adjacent to the branches. Comparison scores establishing intracluster homology are

presented in Table 2.

Cluster 4 Binding Proteins Specific for Aliphatic Amino
Acids and Amides

Cluster 4 proteins bind aliphatic amino acids and amides
and have a size range of 344 to 385 residues (Tables 1 and 3).
The leucine-isoleucine-valine (LIV)-binding proteins of E.
coli and C. freundii are nearly identical, and consequently
only the former was selected for study. The similarity plot

shown in Fig. 4A for these binding proteins reveals greater
sequence similarity in the N-terminal domains than in the
C-terminal domains, and the average similarity score for the
entire alignment is larger than those obtained for clusters 1 to
3 (Table 5). A large segment (88 residues) of the multiple
alignment for the four cluster 4 proteins is shown in Fig. 4B,
and a signature sequence for these proteins is provided in
Table 4.
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TABLE 4. Signature sequences for the eight binding-protein families®

Family Signature sequence® No.szigi(;iii;ions
1 (LIVA)X,(LIVW)(GAIV)(KDQ)X(FY)(ETN)X(DEA)X ¢, 1, or 2(GND)(IVPY)K(VI)X(VLP) 12
2 K(LIVFAG),IX;D(SGP)X(GS)X(LIVA),X,A B 10
3A° GF(DE)(LIV)DLX,(LIVM)(CA)KE) 10
3B° P(SA)LX,(KG)X,D(LIVMA);(SA)(GAS)(LIVM) 11
4 GAX,A(LIV)X,(LIV)NX,GG(LIV)XG 10
5 (LIVM)AX,(WDX, o, SNYKE)DX,T(FY)X(LIVRX;K 10
6A° GNPKXIXDWXDLX(RK)X,VX(LIV), o 13
6B° NPKXSGXARXA(FY)LAGIAWG 12
: Sacwronove s
8 (EQ)P(SN)(LMA)EX(LIV)X(AE)X(MK)P(DS)(LF)(IVM)(LIV) 13

2 Each signature sequence was screened and shown to be specific for the binding-protein cluster indicated as described in Computer Methods for Defining

Evolutionary and Structural Relationships of External Solute-Binding Proteins.

b Residues in parentheses represent alternative possibilities at a particular position; triply underlined residues are fully conserved (invariant) residues in the

multiple alignment. X, any residue.
< Two signature sequences are provided for clusters 3 and 6 (see text).

The periplasmic aliphatic-amino-acid-binding proteins are
very closely related to each other, as revealed by the branch
lengths in the phylogenetic tree, but they are relatively
distant from the cytoplasmic AmiC repressor of the aliphatic
amidase structural gene of P. aeruginosa (here designated
AmiPae) (Fig. 4C). AmiPae is nevertheless strikingly similar
to the binding proteins, particularly to the LIV-binding
protein from P. aeruginosa (19 SD [Table 2]). The region of
AmiC shown in Fig. 4B exhibits 32% sequence identity with
LIVPae. Of the 88 residues depicted in Fig. 4B, 18 are fully
conserved in the four members of this cluster.

AmiC undoubtedly binds aliphatic amides as inducers of
expression of the aliphatic amidase structural gene (219), and
these compounds are similar in structure to the aliphatic
amino acids which bind to the periplasmic proteins of cluster
4. It had not previously been known to be homologous to
other proteins in the data base (219).

TABLE 5. Mean similarity scores for the eight clusters
of solute-binding proteins®

Mean similarity
score

0.23
0.45
0.52
0.65
0.77
0.52
0.90
0.42
0.40

Cluster

2 These values were taken from panels A of Fig. 1 to 6 and 8 and from Fig.
7.

® The control value was obtained by plotting the similarity score for five
nonhomologous binding proteins (AraEco, NocAtu, FecEco, SulEco, and
CitSty [Table 1]) as a function of position in the multiple alignment and
averaging the values obtained (Fig. 7). These proteins are all periplasmic
binding proteins of similar sizes. When nonhomologous proteins of com-
pletely different functions are compared, lower mean comparison scores are
generally obtained (unpublished results).

As with clusters 1 and 2, intercluster sequence similarities
were observed between members of clusters 3 and 4. Most
noteworthy were regions of alignment for HisSty with
LIVEco and for LAOSty with both LeuEco and GIlnEco
(comparison scores of 6 to 7 SD for short regions exhibiting
striking sequence similarity).

Cluster 5 Binding Proteins Specific for Peptides and Nickel

The peptide- and nickel-binding proteins of cluster 5 are
the largest of the solute-binding proteins, with a size range of
493 to 543 residues (Tables 1 and 3). They are about twice
the size of the cluster 3 proteins and the ChvE protein of
cluster 2 (Table 3). Since they are more than 100 residues
larger than any of the other binding proteins, they presum-
ably contain one or more extra domains. As with the other
binding-protein cluster similarity plots, the cluster 5 similar-
ity plot revealed that the sequence similarity of these pro-
teins is greatest in their N-terminal domains (Fig. 5A). An
average similarity score of 0.52 (Table 5) shows that they
exhibit a degree of similarity comparable to that observed for
cluster 2 proteins. A portion of the multiple alignment of the
peptide- and nickel-binding proteins of cluster 5 is shown in
Fig. 5B, and the signature sequence for this family is
presented in Table 4. The degree of sequence similarity
revealed in this figure is somewhat lower than expected from
the high comparison scores summarized in Table 2. This
apparent discrepancy is because the cluster 5 binding pro-
teins have substantially higher molecular weights than the
other binding proteins do (Table 3). Larger proteins with
comparable degrees of sequence similarity generally give
higher comparison scores (see, for example, reference 158).

The relatively short branch lengths connecting several of
the proteins in the phylogenetic tree (Fig. SC) reflect the
clear relatedness of these proteins. Four subclusters are
apparent. The oligopeptide-binding proteins of E. coli and
Salmonella typhimurium make up one subcluster, the oli-
gopeptide- and dipeptide-binding proteins of B. subtilis make
up the second subcluster, the dipeptide- and nickel-binding
proteins of E. coli form the third subcluster, and the oli-
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Gal Eco (59) GVKALAINLVDPAAA
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NAVKMANQANIPVITLDRQATK (119)
NAVKMANQANIPVITLDROQATEK (119)
DVLKQAGEQGIKVIAYDRLTIRN (120)
AIVAKARGYDMKVIAVDDOQFVN (94)
TVIEKARGQNVPVVFFNEKEPSR (96)
Gal Eco
Ara Eco

FIG. 2. Analyses of cluster 2 (monosaccharide-binding) proteins. Conventions are as described in the legend to Fig. 1, and the protein
abbreviations are as presented in Table 1. (A) Similarity plot; (B) segment of the multiple alignment corresponding to the bar in panel A; (C)
cluster 2 phylogenetic tree. Cluster 2 proteins are homologous to a large family of DNA-binding proteins as described previously (207).

gopeptide-binding protein of S. pneumoniae represents the
final subcluster. In view of its distinct binding specificity,
it is surprising that the nickel-binding protein of E. coli
(NikEco) is not more distant from the peptide-binding
proteins than the latter are from each other. This fact
suggests that nickel is accommodated in a fashion which
does not require extensive modification of the active site (see
below). :

One additional sequenced protein (of unknown function
proved to be homologous to the peptide-binding proteins of
cluster 5. This protein, designated XP55, is a major secreted
protein of 55 kDa from Streptomyces lividans (24). It was
found to be 25% identical with the oligopeptide-binding
protein of S. typhimurium (OppSty) over an overlapping
segment of 312 amino acyl residues (Table 2). It is the same
size as the other cluster 5 proteins (Table 1). The comparison
score of 24 SD establishes that this protein is homologous
with the peptide-binding proteins depicted in Fig. 5. Its
similarity to the cluster 5 proteins suggests that it might be a
peptide-binding protein.

Cluster 6 Binding Proteins Specific for Inorganic Polyanions

The sulfate- and thiosulfate-binding proteins of enteric
bacteria and cyanobacteria are all closely related (compari-
son scores of 36 to 80 SD [Table 2]). They occur in a size
range of 310 to 350 residues (Table 3). Figure 6A shows the
similarity plot, Fig. 6B shows a segment of the multiple
alignment, and Fig. 6C shows the tree. In the 39-residue
multiple alignment shown in Fig. 6B, 21 residues (54%) are
fully conserved. Two signature sequences for these proteins
are presented in Table 4.

Because the phosphate-binding protein of E. coli gave low
comparison scores with these proteins (Table 2), it could not
be established as a member of the cluster and was omitted
from the analyses reported in Fig. 6. It should be noted,
however, that it is in the same size range as the sulfate-
binding protein (Table 3), it binds an inorganic anion, and it
exhibits a comparison score of 6 SD with the sulfate-binding
protein of E. coli (Table 2). When the phosphate- and
sulfate-binding proteins of E. coli were examined for simi-
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LAO Sty (S50) GFDIDLGNEMCKRMQVKCTWVASD DALIPSLKAI(KIDAIISSLSITDKRQOEIAI‘S(105)
His Sty (50) GFDIDLAKELCKRINTQCTFVENP DALIPSLKAKKIDAIMSSLSITEKRQQETIAPT (106)
GlnEco (48) GFDVDLWAAIAKELKLDYELKPMD SGIIPALQTKNVDLALAGITITDERKKAIDTPYS (104)
Occ Atu (47) GFEIDLANALCEKMEKAKCOQIVAQN DGIMPSLTGKKYDAIMAAMSVTPKRQEVIGYEFS (103)
Noc Atu (53) GFDIDLGNDLCKRMNIECKFVEQA VGIIPSLTAGRYDAIMAAMGIQPAREKVIAPFS (109)
BaaNgo (61) GFDVDLMNAMAKAGNFKIEFKHQP DSLFPALNNGDADIVMSGVTITDDRKQSMDYF S (117)

Baa Ngo

FIG. 3. Analyses of cluster 3 (polar-amino-acid- and opine-binding) proteins. Protein abbreviations are as presented in Table 1, and
conventions used are as described in the legend to Figure 1. (A) Similarity plot; (B) segment of the multiple alignment corresponding to the

bar in panel A; (C) cluster 3 phylogenetic tree.

larity by using a similarity plot like that shown for the
homologous protein members of the various clusters, an
average similarity score of 0.39 was obtained. Although this
value is lower than those observed for the established
binding-protein clusters (Table 5), it is almost as high as the
value obtained for cluster 8 proteins, and it is very substan-
tially above that obtained for the intercluster comparison of
binding proteins used to obtain a control value (average
similarity score of 0.23 [Table 5; see also Fig. 7]).

Cluster 7 Binding Proteins Specific for
Organic Polyanions
Cluster 7 consists of only two proteins, one specific for
dicarboxylates and the other specific for tricarboxylates.
They consist of 303 and 333 residues, respectively (Tables 1
and 3). They exhibit a fairly low comparison score (7 SD
[Table 2]) but nevertheless exhibit regions of striking se-

quence similarity (Fig. 7). In Fig. 7, the light line (top) shows
the similarity plot for DcaRca versus CitSty and the heavy
line (bottom) shows the similarity plot for five non-
homologous binding proteins from five different clusters.
These five binding proteins are all about the same size (see
the legend to Fig. 7). The average similarity score for this
intercluster comparison was 0.23 (bottom dashed line in Fig.
7; Table 5). The average similarity score obtained when
DcaRca and CitSty were compared (top dashed line in Fig. 7)
was 0.42, a value which is substantially larger than that
obtained for the control proteins and which is intermediate
between the values obtained for cluster 1 proteins and
cluster 8 proteins (Table 5). Throughout most of the plot, the
degree of similarity was greater for DcaRca and CitSty than
for the control proteins. The region of greatest similarity was
found to be in the N-terminal domain, as indicated by the bar
in Fig. 7. This region of the binary alignment corresponds to
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FIG. 4. Analyses of cluster 4 (aliphatic, hydrophobic-amino-acid-binding) proteins. Protein abbreviations are as presented in Table 1, and
conventions used are as described in the legend to Fig. 1. (A) Similarity plot; (B) segment of the multiple alignment corresponding to the bar
in panel A; (C) cluster 4 phylogenetic tree. The AmiC (AmiPae) protein is a cytoplasmic transcriptional repressor which regulates induced

synthesis of the aliphatic amidase of P. aeruginosa (219).

the following alignment:

DcaRca: LGAVQMLAPSLAKFGPLGVQDFIIQF
CitSty: r'soesI.i.ln.é:QGKFGIa,sra"n)iavgn.3
These two segments of 23 overlapping residues show 35%
sequence identity and 74% sequence similarity. The pro-
posed signature sequence for these two cluster 7 proteins is
presented in Table 4. The comparison score of 7 SD, the
similar solute-binding specificities of these two proteins,
their similar sizes, and the fact that the region of greatest
similarity between them is found within their N-terminal
domains all suggest that these two proteins are homologous.
As with clusters 1 and 2 and clusters 3 and 4, sequence
similarities were recorded between members of clusters 6

and 7. For example, CitSty and PhoEco gave a comparison
score of 6 SD for a short overlapping segment. Such limited
degrees of sequence similarity probably did not arise by
chance, but they could have arisen by either convergent or
divergent evolutionary processes.

Cluster 8 Binding Proteins Specific for Iron Complexes (and
Possibly for Vitamin B, ,)

Cluster 8 binding proteins, specific for iron complexes;
exist in a narrow size range (296 to 322 residues) (Tables 1
and 3). Koster et al. (98) have shown that periplasmic
binding proteins of E. coli specific for iron complexes and
vitamin B,, display significant sequence similarity and have
published the complete multiple alignment of available clus-
ter 8 sequences. The similarity plot (Fig. 8A), a portion of
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29
13
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FIG. 5. Analyses of cluster 5 (oligopeptide-, dipeptide-, and nickel-binding) proteins. Protein abbreviations are as presented in Table 1, and
conventions are as described in the legend to Fig. 1. (A) Similarity plot; (B) segment of the multiple alignment corresponding to the bar in

panel A; (C) cluster 5 phylogenetic tree.

the multiple alignment (Fig. 8B), and the phylogenetic tree
(Fig. 8C) for the four iron-complex-binding proteins, three
from E. coli and one from Vibrio anguillarum, provide a
basis for evaluating the sequence similarities of these pro-
teins. The first three proteins are the FepB protein (specific
for ferrienterobactin), the FecB protein (specific for iron
dicitrate), and the FhuD protein (specific for iron hydroxa-
mates such as ferrichrome and aerobactin). The four iron-
complex-binding proteins which make up the cluster 8 family
show the lowest average similarity score of the proteins
characterized in Fig. 1 to 8 (Table 5). The signature sequence
for this family (Table 4) is specific for the four members of
cluster 8. It is derived from the portion of the multiple
alignment shown in Fig. 8B, which is the most strongly
conserved region within these proteins (Fig. 8A). As with the
other clusters, this region is present within the N-terminal

domains of these proteins. The phylogenetic tree (Fig. 8C)
reveals that the four protein members of cluster 8 are about
equidistant from each other.

The vitamin B,,-binding protein (BtuE or BtuEco) exhib-
its a poor comparison score with and is much smaller than
the other cluster 8 proteins (Tables 1 to 3). Interestingly, the
BtuE protein is homologous to human glutathione peroxi-
dase (6). These two proteins exhibit 41% sequence identity
over an overlapping region of 156 residues (unpublished
results). For this reason it is particularly important to
emphasize that homology of this protein with the other
members of cluster 8 is not established. The periplasmic
iron-binding proteins of the Serratia marcescens and Neis-
seria iron transport systems (cluster 1) show an insignificant
degree of sequence similarity to the proteins of cluster 8
(unpublished results).
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FIG. 6. Analyses of the cluster 6 (inorganic anion-binding) proteins. Protein abbreviations are as presented in Table 1, and conventions
are as described in the legend to Fig. 1. (A) Similarity plot; (B) segment of the multiple alignment corresponding to the bar in panel A; (C)
cluster 6 phylogenetic tree. The phosphate-binding protein of E. coli (Table 1) is excluded from the figure because of the low comparison score
obtained between this protein and other cluster 6 proteins (Table 2). '

BIOCHEMICAL PROPERTIES OF PERIPLASMIC
BINDING PROTEINS

Biochemical and genetic experiments have established the
existence of several ABC-type uptake transporters for which
sequence data are not yet available. Among these transport
systems are four permeases of E. coli: the cystine permease
(18, 109), a glutamate-aspartate permease (104), a xylose
permease (177), and a thiamine permease (90, 137). In all
four cases, the presence of solute-binding proteins has been
established and the properties of the purified proteins have
been described. Some of the biochemical characteristics of
these proteins are summarized and compared with those of
other representative binding proteins in Table 6. The re-
ported molecular weights of the cystine- and the glutamate-
aspartate-binding proteins (28,000 to 30,000) are similar to
those specific for other hydrophilic amino acids (Table 3).
These proteins may therefore prove to fall into cluster 3. The
molecular weight reported for the xylose-binding protein

(37,000) is in between those for the two sugar-binding protein
families, but, on the basis of the nature of the sugar bound,
one would expect this protein to fall into cluster 2. The
molecular weight of the thiamine-binding protein is un-
known.

The dissociation constants (K, values) of these and other
representative well-characterized binding proteins for their
solutes are summarized in Table 6 and are compared with the .
apparent affinity constants (K,,, values) of the corresponding
transport systems for the same solutes. It can be seen that
the K, values range from 5 nM for vitamin B,, and 10 nM for
cystine to 1 to 2 pM for maltose, galactose, glutamate-
aspartate, and citrate. Reported K,, values are generally
close to the K values, and, with only one exception, the
former values are always within an order of magnitude of the
latter values. The one exception is the sulfate-binding pro-
tein, which is reported to have a K, for sulfate of 20 nM (146)
whereas the K, of the corresponding transport system for
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FIG. 7. Similarity plot for the two cluster 7 binding proteins, the dicarboxylate-binding protein of Rhodobacter capsulatus (DcaRca) and
the tricarboxylate-binding protein of Salmonella typhimurium (CitSty). This similarity plot is shown by a light line (top), and the control
similarity plot is shown by a heavy line (bottom). Throughout most of their lengths, DcaRca and CitSty exhibit a greater degree of similarity
than do the control proteins. The latter proteins include AraEco (cluster 2), NocAtu (cluster 3), SulEco (cluster 6), CitSty (cluster 7), and
FecEco (cluster 8) (Table 1). Average similarity scores for each of these two groups of aligned sequences are indicated by the dashed lines,

and the values are tabulated in Table 5.

sulfate is 36 uM (45). Confirmatory experiments should be
conducted to determine whether this 2,000-fold difference is
real or artifactual. The fact that the K, and K, values are
generally so similar suggests that the binding protein is
largely responsible for the apparent affinity of the transport
system for its substrate(s). This suggestion is in agreement
with the fact that the binding specificities of these proteins
correlate closely with the substrate specificities of the trans-
port systems. Biochemical properties of the well-character-
ized periplasmic binding proteins of enteric bacteria have
been comprehensively reviewed by Furlong (55), and the
interested reader is referred to this article for further details.

EVOLUTIONARY CONSTRAINTS IMPOSED BY
STRUCTURE AND FUNCTION

The analyses reported in this review form the first com-
prehensive sequence comparison study concerned with the
structural and evolutionary relatedness of the gram-negative
bacterial periplasmic and gram-positive bacterial membrane-
bound solute-binding proteins. These proteins provide a
unified receptor function by interacting with transmembrane
transducer proteins which mediate chemotaxis and transport
and sometimes initiate pathways of sensory transduction.
X-ray crystallographic analyses of several of these proteins,
reported primarily from the laboratory of F. Quiocho, have
shown that although the proteins have diverged very sub-
stantially with respect to specific structural features, they
nevertheless share many essential three-dimensional struc-
tural motifs (154, 209). The results of the sequence compar-
isons reported here establish that certain of these proteins
are homologous and provide compelling evidence for the
evolutionary relatedness of several others. Thus, all of the
proteins within a particular cluster and depicted on each of
the phylogenetic trees (Fig. 1 to 6 and 8) clearly share an
evolutionary origin. It is interesting that two clusters each
were found for sugars, amino acids, and anions and that the
nature of the substrates bound in each of the subclusters
differed (oligosaccharides versus monosaccharides for the
two sugar clusters, hydrophilic versus hydrophobic amino
acids for the two amino acid clusters, and inorganic versus

organic anions for the two clusters of anions). Within each
cluster of proteins, uniform molecular size was observed
with only a few exceptions (Table 3).

The observation that the relatedness of the binding pro-
teins generally follows their binding specificities was unex-
pected. The solute-binding site, localized to the crevice
between the two domains of each of these proteins, repre-
sents only a small part of the entire structure. Despite this, it
seems that the requirement for solute binding imposes sig-
nificant structural constraints on the protein. This implies,
first, that a major part of the protein plays a role, primary or
secondary, in solute binding and, second, that serial muta-
tions which alter the binding site can allow accommodation
of solutes of a related nature much more readily than solutes
which exhibit greater structural divergence. Although these
conclusions seem reasonable in retrospect, they were not
apparent at the onset of our studies.

The generalization noted above, that binding specificity
correlates with the nature of the ligand bound, was not
always observed. Thus, the iron-binding proteins of Serratia
and Neisseria species are apparently homologous to the
carbohydrate-binding proteins of cluster 1, the nickel-bind-
ing protein of E. coli is homologous to the peptide-binding
proteins of cluster 5, and the vitamin B,,-binding protein
may be homologous to the iron-complex-binding proteins of
cluster 8. The structural bases for these observations must
await elucidation of the three-dimensional structures of the
homologous proteins. However, the high-affinity binding of
inorganic ionic species, both anionic and cationic, within the
domains of enzymes which do not act on these species is not
at all unusual, and a Ca®*-binding site in the galactose-
binding protein of E. coli has been noted (130, 208).

Periplasmic solute-binding proteins from evolutionarily
divergent organisms which are specific for the same solute
are, in general, much more closely related to each other than
are proteins specific for different solutes from the same
organism. This observation suggests that the proteins spe-
cific for the various solutes arose by gene duplication and
divergence events which preceded evolutionary divergence
of the species. Alternatively, horizontal transmission of
genetic material during the early evolution of the species
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FIG. 8. Analyses of cluster 8 (iron-complex-binding) proteins. The abbreviations and conventions are as presented in Table 1 and the
legend to Fig. 1, respectively. (A) Similarity plot; (B) segment of the multiple alignment corresponding to the bar in panel A; (C) phylogenetic
tree. The complete multiple alignment of these four proteins together with the vitamin B,,-binding protein of E. coli (BtuEco) has been

published (98).

may have occurred. The same conclusion has recently been
reached regarding the permease proteins of the bacterial
phosphotransferase system (110, 156). Assuming the former
explanation (vertical transmission of genetic material) to be
correct, the many solute-binding proteins with a diversity of
substrate specificities must have existed as distinct species
prior to divergence of the major bacterial kingdoms (i.e.,
gram-positive bacteria from gram-negative bacteria and cy-
anobacteria from purple bacteria). Thus, these proteins may
have existed more than two billion years ago in forms similar
to those found today.

Three-dimensional analyses of numerous periplasmic
binding proteins of gram-negative bacteria have revealed
that they are bilobed, two-domain structures which probably
arose by a duplication event from a primordial gene encoding

a simple one-domain protein. Each of the two domains in the
binding proteins consists largely of B-structure while the
connecting loops are rich in o-helix (154). In the study
reported here, we have unexpectedly found that within each
cluster of homologous binding proteins, the sequences of the
N-terminal domains are conserved to a much greater degree
than are the C-terminal domains. Although the significance
of this intriguing observation is not clear, it could suggest
that the functional and structural constraints imposed on the
N-terminal domains are more rigid and that these domains
have therefore undergone evolutionary divergence more
slowly than the C-terminal domains. It further suggests that
the two domains are nonequivalent. The conclusion of
nonequivalence has been reached for the other constituents
of ABC-type transporters (18la). It is possible that the
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TABLE 6. Biochemically determined properties of representative
binding proteins from enteric bacteria

. Mol mass

Solute-specific

binding P‘:fnein,, ( ;:32{ ) K; (0M) K, (kM) References
Sugars

Maltose 41 1 1 95, 197

a-Glycerol-P 45 0.2 2 13, 176

Xylose 37 0.6 5 S

Ribose 30 0.1 0.3 217

Galactose 32 1 0.5 12, 20, 166
Amino acids

LAO 28 0.2 0.5 162,

Cystine 28 0.01 0.1 18,142

Glutamine 26 0.2 0.6 213,214

Glutamate- 30 1 0.5 16,218

aspartate

LIV or leucine 37 0.4 0.3 56,57, 150
Anions

Citrate 28 2 3 196

Phosphate 34 0.8 0.2 114, 126, 163, 195

Sulfate 35 0.02 36 45, 146
Vitamins

B,, 22 0.005 0.01 22,199

Thiamine ? 0.1 0.8 90, 137

¢ The organism from which the binding proteins were isolated was always
E. coli or S. typhimurium.

primordial protein of about the size of a current binding-
protein domain corresponded more closely in structure and
function to the N-terminal domain, which has consequently
evolved more slowly than the C-terminal domain. Since
some binding proteins are more than twice as large as others
(Table 3), we expect that the larger ones, particularly the
cluster 5 proteins, contain additional domains. Analyses of
primordial sequences, determined from present-day protein
sequences, may provide information on these possibilities.

RELATIONSHIPS BETWEEN EXTERNAL RECEPTORS
AND CYTOPLASMIC REPRESSORS

It has recently been demonstrated (122, 123, 207, 212) that
the bacterial periplasmic sugar-binding proteins of cluster 2
are structurally and evolutionarily related to a large class of
bacterial cytoplasmic helix-turn-helix-type DNA-binding
proteins, many of which are repressors which bind sugar
inducers. Over a dozen transcriptional regulatory proteins
are members of this subfamily, all of which are homologous
to the cluster 2 binding proteins. This fact greatly increases
the size of the cluster 2 family of proteins. The phylogenetic
tree of the DNA-binding-protein family, showing the posi-
tions of these proteins relative to each other as well as to the
ribose-binding proteins of E. coli and Salmonella typhimu-
rium, has been published (207). The structures of the homol-
ogous DNA-binding proteins have not yet been elucidated in
three dimensions, but the demonstration that they are ho-
mologous to the binding proteins suggests that their sugar-
binding domains exhibit the bilobed tertiary structures char-
acteristic of the periplasmic binding proteins (154).

The two major classes of functionally divergent cluster 2
proteins (receptors and repressors) differ with respect to
their subcellular localizations as well as their biological
functions. The subcellular localization of the periplasmic
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binding proteins (presumed to be determined by an N-termi-
nal signal sequence [155, 172, 174, 216]), as well as the
DNA-binding characteristics of the repressor proteins (pre-
sumed to be determined by an N-terminal helix-turn-helix
motif [207, 212]), is not shared by these two classes of
proteins. These differences presumably arose by gene splic-
ing and fusion events during evolutionary history. Despite
these important structural differences, the proteins share the
characteristic that binding of the small molecular ligand
(usually a sugar molecule) controls the conformation of the
protein and consequently its intermolecular interactions.
Thus, sugar binding increases the affinity of the periplasmic
receptor proteins for the transmembrane transducer proteins
but decreases the affinity of the cytoplasmic repressor pro-
teins for the operator regions of their target operons. This
observation suggests a unified function for solute binding
and a possible explanation for the common origin of receptor
and regulatory proteins. A common evolutionary origin for
receptor, regulatory, and transport proteins had been postu-
lated previously (170).

A second example of homology between a periplasmic
binding protein and a cytoplasmic transcriptional regulatory
protein was noted in the present study. AmiC, the repressor
of the structural gene encoding the aliphatic amidase of P.
aeruginosa, here designated AmiPae, is clearly homologous
to the hydrophobic aliphatic-amino-acid-binding proteins of
cluster 4 (Fig. 4). Although the detailed mode of action of
AmiC is not known, the homology noted here provides
significant clues about its structure, the nature of the induc-
ers which bind to AmiC, and the nature of the conforma-
tional change which regulates its affinity for the operator of
the ami operon.

EVOLUTION OF COMPLEX, MULTICOMPONENT
TRANSPORT SYSTEMS

In the present study, we have analyzed only one compo-
nent of the bacterial ABC-type transport systems, namely
the periplasmic solute-binding proteins. Two other sets of
protein constituents of these systems are available for anal-
ysis: the integral transmembrane constituents or domains
and the ATP-binding constituents or domains (3, 55, 75, 78).
If most or all of the ABC-type transporters evolved as a unit
(i.e., a genetic transcriptional unit) from a common ancestral
transport system (or a primordial operon), one would expect
that the relative rates of evolutionary divergence would have
been about the same for the three dissimilar constituents of
the systems, even if the absolute rates of divergence were
markedly different. Our preliminary results have suggested
that, for at least some of these systems, the periplasmic
binding proteins diverged from the common ancestral pro-
tein most rapidly, that the ATP-binding protein constituents
of the ABC-type transporters diverged least rapidly, and that
the integral transmembrane constituents of these systems
evolved at an intermediate rate (unpublished resuits). Fur-
ther, it appears that the integral proteins of many of the
bacterial ABC-type transporters fall into clusters similar to
those noted here for the binding proteins (34a; unpublished
results). If this proves to be true for the majority of the
bacterial ABC-type transporters, it may be possible to
confirm the cluster-type grouping demonstrated here for the
binding proteins for the transport systems as a whole, and it
may also be possible to provide evidence for the interrelat-
edness of these clusters. Moreover, a positive correlation of
relative evolutionary rate would strongly suggest that these
systems did, in fact, evolve as complete transport systems
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rather than as individual proteins which came together late in
the evolutionary process to form the transport systems. It
should be noted, however, that data discrepant with this
simple possibility have been published for one subclass of
ABC-type transporters (159).

Almost all large superfamilies of proteins have members in
both the eukaryotic and prokaryotic kingdoms. For exam-
ple, this observation has been made for the ATP-binding
constituents of the ABC-type transporters (159); for a major
superfamily of uniport, symport, and antiport facilitators
(119); for a large group of amino acid facilitators (157); for
P-type ATPases (49a); and for a variety of enzymes (201). In
a few instances, members of large protein superfamilies have
been restricted to a single kingdom. Thus, the permeases of
the bacterial phosphotransferase system (156) which have
bacterial non-phosphotransferase system homologs (160)
have no established counterpart in eukaryotes. Conversely,
the voltage-gated ion channel proteins of eukaryotes have no
known prokaryotic counterpart (171). The periplasmic bind-
ing proteins appear to form another prokaryote-specific
family. With the sole exception of the vitamin B,,-binding
protein, which is homologous to the human glutathione
peroxidase (6), no eukaryotic homologs of these proteins
have been detected. If the BtuE protein proves to have a
structure and/or function other than that of a typical
periplasmic binding protein, a possibility we consider to be
quite likely, it follows that there are no eukaryotic homologs
of the typical extracellular solute-binding proteins of bacte-
ria. This observation is particularly interesting since mem-
bers of this proposed prokaryotic superfamily include
periplasmic binding proteins of gram-negative bacteria, cell
surface lipoprotein receptors of gram-positive bacteria, and
cytoplasmic DNA-binding proteins of both gram-positive
and gram-negative bacteria (207, 212; also see above). It may
be that eukaryotic members of this family will be found.
However, an as-yet-unknown basis for this restriction may
exist. Dozens of eukaryotic transporters of the ABC-type
family are known, but none of them apparently utilizes an
extracytoplasmic solute-binding (lipo)protein (75, 78). There
is no a priori reason why solute-binding lipoprotein-depen-
dent ABC-type uptake systems analogous to those found in
gram-positive bacteria could not be functional in animal,
plant, and fungal cells as well as in unicellular eukaryotes.
Further work is required to resolve this intriguing enigma.

ARE THERE ADDITIONAL BINDING-PROTEIN
FAMILIES?

We have noted that a few sequenced bacterial extracyto-
plasmic solute-binding proteins do not fall within the eight
clusters of proteins described in this report. These proteins
include the glycine-betaine-binding proteins, ProX, of E. coli
(67, 124) and of Salmonella typhimurium (144, 190); the
phosphonate-binding protein, PhnD, of E. coli (30, 116, 211);
the polyamine-binding protein of E. coli, PotD (58); the
putative copper-binding protein of Pseudomonas stutzeri,
NosD (227); the mercuric-ion-binding proteins, MerP, of
gram-negative bacteria (139); and the p37 protein (of un-
known specificity) of M. hyorhinis (46). Additionally, we
have summarized biochemical evidence for the existence of
binding proteins specific for cystine, glutamate-aspartate,
xylose, and thiamine (55). Other binding proteins will un-
doubtedly be discovered, particularly as a result of prokary-
otic-genome sequencing and possibly as a result of eukary-
otic-genome sequencing as well. It is therefore likely that
additional families of bacterial periplasmic binding proteins
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and their homologs will emerge as the genes encoding these
proteins are sequenced.
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ADDENDUM IN PROOF

Since the completion of this review several interesting
advances in periplasmic solute-binding receptor research
have been made. A bacterial periplasmic receptor homolog
with catalytic activity has been identified (R. Tam and M. H.
Saier, Jr., Res. Microbiol., in press). This enzyme is cyclo-
hexadienyl dehydratase of P. aeruginosa (G. Zhao, T. Xia,
R. S. Fischer, and R. A. Jensen, J. Biol. Chem. 267:2487-
2493, 1992). This periplasmic enzyme is homologous to
periplasmic receptors for polar amino acids (cluster 3). The
structure of its substrate-binding domain must be closely
related to those of the histidine- and LAO-binding proteins.
The latter protein has recently been resolved in three dimen-
sions at high resolution by X-ray crystallography, both with
and without the ligand, lysine (B.-H. Oh, J. Pandit, C.-H.
Kang, K. Nikaido, S. Gokcen, G. F.-L. Ames, and S.-H.
Kim, J. Biol. Chem., in press). Based on analogy with the
LAO-binding protein, the known active-site threonyl residue
in cyclohexadienyl dehydratase of P. aeruginosa was in-
ferred to be localized to the cleft region where the receptors
bind their solutes (Tam and Saier, in press).

The genes for the ABC-type molybdenum transport sys-
tem from Azotobacter vinelandii have recently been se-
quenced (F. Luque, A. Mitchenall, M. Chapman, R. Chris-
tine, and R. N. Pau, Mol. Microbiol. 7:447-459, 1993). Four
open reading frames were identified, ORFs 1 to 4. The
genetic structure of the operon and the predicted products of
these four ORFs were suggestive of an ABC-type trans-
porter. ORFs 3 and 4 were shown to be homologous to ChlD
and ChlJ (partially sequenced) from E. coli. The latter two
proteins are parts of a putative molybdenum transporter.
OREF 3 is an integral membrane protein, while ORF 4 is the
ATP-binding protein. The authors suggested that ORF 2 is a
transmembrane protein while ORF 1 is a periplasmic binding
protein. However, ORF 2 exhibits the hydropathy charac-
teristics of a hydrophilic protein, except for a putative,
cleavable N-terminal signal sequence. Further, ORF 1 lacks
a signal sequence and exhibits homology with molybdenum-
pterin-binding proteins (Mop I to Mop III) from Clostridium
pasteurianum (Luque et al., Mol. Microbiol., 1993). We
suggest that the functional assignments of these proteins by
Luque et al. (Mol. Microbiol., 1993) is incorrect and that
ORF 2 is the periplasmic binding protein while ORF 1
performs a function in the cytoplasm. If this is the case, then
a single transmembrane protein is present in this permease,
presumably forming a homodimeric species. Such a situation
has been noted for other ABC-type permeases (159).
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An operon encoding a novel putrescine-specific transport
system of the ABC type has been sequenced (R. Pistocchi,
K. Kashiwagi, S. Miyamoto, E. Nukui, Y. Sadakata, H.
Kobayashi, and K. Igarashi, J. Biol. Chem. 268:146-152,
1993). This operon maps at 19 min on the E. coli chromo-
some. It consists of four ORFs, potF, -G, -H, and -I. The
PotF protein was shown to be a putrescine-specific periplas-
mic binding protein. It was homologous (35% identity) to the
spermidine- (putrescine-) binding protein PotD, sequenced
previously, which is present within a distinct ABC-type
transport operon which maps at 15 min on the E. coli
chromosome (58).
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